Ice discharge from large ice sheets plays a direct role in determining rates of sea level rise. We map present-day Antarctic- The Cryosphere Discuss.,
Introduction
The Antarctic Ice Sheet receives roughly 2000 Gt (~5.5 mm sea-level equivalent) of precipitation each year with >90% of this mass leaving as solid ice discharge to the ocean and the remaining <10% leaving in the form of sublimation, wind-30 driven snow transport, meltwater runoff, and basal melt. Nearly all recent studies indicate significant mass loss from the Antarctic Ice Sheet that is likely accelerating (Harig and Simons, 2015; Helm et al., 2014; Martín-Español et al., 2016; McMillan et al., 2014; Rignot et al., 2011b; Shepherd et al., 2012; Velicogna, 2009) . Understanding how this imbalance evolves is critical to provide meaningful projections of sea level change. A major hurdle for improved assessments of the attribution of mass change is the difficulty in resolving continent-wide ice discharge at high precision and accuracy for 35 multiple epochs. This requires circum-Antarctic measurements of surface velocity at fine spatial scale and with sufficient accuracy (~10 m yr -1 ) to observe regionally coherent changes in flow.
Earlier circum-Antarctic mappings of surface velocity have been based on Synthetic Aperture Radar (SAR) data with incomplete coverage for 1996-2000 (Jezek et al., 2003; Rignot, 2006) and near-complete coverage for 2007 (Rignot et 40 al., 2011 . Applications of optical imagery for surface velocity mapping have heretofore been limited to more local scales (e.g. Bindschadler and Scambos, 1991; Scambos et al., 1992) due to limited sensor capabilities, cloudiness, and too few repeat-image acquisitions. Improvements in sensor technology (particularly in radiometric resolution) and far higher image acquisition rates for Landsat 8, launched in 2013, largely overcome these limitations (Fahnestock et al., 2015; Jeong and Howat, 2015; Mouginot et al., 2017) and provide the ability to generate near-complete annual mappings of surface velocity 45 with high accuracy (~10 m yr -1 ).
Here we describe the application of two newly developed and independent feature tracking methodologies (JPL and NSIDC)
that we applied to hundreds of thousands of Landsat image pairs covering the entire Antarctic Ice Sheet north of 82.4°S, producing six near-complete mappings of ice sheet surface velocities in both the 2013-14 and 2014-15 austral polar daylight 50 periods. By differencing these velocity fields with the earlier SAR mapping (Rignot et al., 2011a) we resolve changes in ice surface velocity for the 7-year period between circa-2008 and 2015. Velocity changes are then used to estimate ice discharge at the basin scale and its change through time. For the determination of ice discharge we provide a novel approach to defining the cross-sectional area of ice flow (flux gate -Section 2.2) that greatly reduces uncertainties in estimates of ice discharge. By differencing estimates of ice discharge and basal melt rates (Van Liefferinge and Pattyn, 2013) from published 55 estimates of the surface mass balance (van Wessem et al., 2016; van Wessem et al., 2014) we are able to estimate the net mass balance of the ice sheet at the basin scale, revealing recent patters of ice sheet imbalance.
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Image pair pixel offsets
The autonomous Repeat Image Feature Tracking (auto-RIFT) processing scheme, developed by JPL (author ASG), was applied to all Landsat 7 and 8 Collection 0 LT1 images acquired over the Antarctic Ice Sheet between August 2013 and May 2016 with 80% cloud cover or less, as indicated in the image metadata. Landsat 7 and 8 panchromatic (Band 8) images (15 m pixel size) are preprocessed using a 5 by 5 Wallis operator to normalize for local variability in image radiance caused by 70 shadows, topography and sun angle. Preprocessed image pairs were searched for matching features by finding local normalized cross correlation (NCC) maxima at subpixel resolution using Taylor refinement (Paragios et al., 2006) within a specified search distance. A sparse (1/16 of full search) NCC search was first used to determine areas of coherent correlation between image pairs (only same path-row images used in this study). Results from the sparse search guide a dense search with search centers spaced such that there is no overlap between adjacent template search chips. Highest quality image pairs 75 (< 20% cloud and < 1 year separation) were searched using this approach, with a large search distance centered at zero pixel offset with a 32 by 32 pixel template chip. Spatially resolved statistics (mean and standard deviation of x and y displacements) were used to guide a dense image search of all imagery with 16 x 16 or 32 x 32 pixel template chips depending on expected gradients in surface velocities. Areas of unsuccessful retrievals were searched with progressively increasing template chip sizes of 32, 64, and 128 that increase the signal to noise at the expense of spatial resolution. 80
Image-pair pixel displacements were calculated from georeferenced images that are in Antarctic Polar Stereographic (EPSG 3031) projection. This introduces scale distortions that increase with distance from the latitude of origin (71° S). We corrected for this scale distortion when converting from pixel displacement to velocity. Velocities and template chip sizes were combined on a common 240 x 240 m grid in Antarctic Polar Stereographic projection (EPSG 3031) with the 85 displacement value taken as the valid displacement determined with the smallest search chip size.
Image geometry between image pairs is highly stable, but images suffer from large x and y geolocation errors (~15 m). This resulted in good gradients in velocity, but poor absolute velocity. Displacement fields were also contaminated by match The Cryosphere Discuss., doi:10.5194/tc-2017 Discuss., doi:10.5194/tc- -75, 2017 Manuscript under review for journal The Cryosphere Discussion started: 4 May 2017 c Author(s) 2017. CC-BY 3.0 License.
blunders (e.g. matching along shadow edges or of surfaces obscured by cloud in one of the two images). Therefore, 90 displacement fields required heavy post-processing to isolate the geophysical signal. This was done by stacking all displacement fields, co-registering them over stable surfaces (time invariant), and filtering based on the interquartile range (IQR) determined for each pixel of the displacement stack. All x and y displacements that fell outside of the range ! − × to ! + × were culled from the dataset, where Q 1 and Q 3 are the first and third quartile, respectively, and
T is a scalar that defines the acceptance threshold. 95
Reference velocity
A reference velocity (Vx 0 , Vy 0 ) field was generated from all individual image-pair velocities. As a first step, gross outliers were removed from the unregistered data by setting T equal to 3. Stacked displacement fields were then coregistered by iteratively correcting for the median x and y velocity difference between individual image-pair velocities and static reference 100 (Thomson and Cooper, 1993, Figure 2 velocities were first calculated setting the filter limits based on the quartile ranges of Vx 0 and Vy 0 and setting T = 3. Annual weighted averages and quartile velocities were further refined by setting the filter limits based on the quartile ranges of initial annual values and using a more stringent acceptance threshold of T = 1.5.
Using this approach we calculated four nearly complete Landsat 8 velocity maps: Median (M) and weighted average (W) 125 velocities for years 2014 and 2015. The 2014 and 2015 velocities were derived from ~100,000 and ~200,000 unique image pairs, respectively (Figure 1 ).
NSIDC LISA
NSIDC used the Python image Correlation, PyCorr v1.10, developed for rapid processing on a unix/Macintosh system. The processing algorithm is described in detail by Fahnestock et al. (2015) , and is based on image processing schemes described 130 in Scambos et al. (1992) . Accuracy of the displacement determination using 20 x 20 pixel reference image subscenes is approximately 0.15 pixels. For the Landsat Ice Speed, Antarctica processing (LISA v1.0), we used repeat path-row acquisitions of Landsat 8 panchromatic band (Band 8) data separated by 16 to 400 days (16-day repeat-orbit multiples), spanning September 26, 2013 to April 1, 2015. A total of 38,159 image pairs in this timespan were processed. In addition to using a 70% USGS-estimated cloud cover as a criterion for inclusion, we further reduced the number of images processed by 135 manually selecting those with a high proportion of cloud-free surface coverage. We applied a high-pass filter to the images of approximately 250 m spatial scale to enhance surface detail and suppress dynamically supported topography, which is generally fixed in relation to bedrock structures.
We then processed the image pairs through the image chip correlation algorithm contained in PyCorr. PyCorr outputs a set 140 of processed files, which we have named vx (x-direction velocity), vy (y-direction velocity), vv (scalar speed), corr (normalized correlation index of the highest correlation match between the image chips), and delcorr (the difference between the peak match and the second-highest match outside of a 3x3 cell area around the peak). For the LISA v1.0 data set, we used a reference chip size of 300 x 300 m, producing individual velocity mappings with grid spacing of 300 m and spatial resolution of the velocity field also approximately 300m. 145
In assembling the mosaic, we reduced noise and eliminated isolated untrustworthy velocity vectors through a series of comparisons with adjacent vectors. Individual velocity grids are then adjusted for geolocation errors by shifting them to eliminate observed motion over stationary features (e.g. rock outcrops) and slow-moving areas near ice divides. We then composited the data and resampled the stacked data. We used fairly strong noise and suspect data filtering because there 150
were a large number of velocity grids available, providing good coverage and high repeat coverage in the final map, even with a conservative selection of vector grids..
We first eliminated all vectors with a delcorr value less than 0.15, since a characteristic of noise values or an uncertain velocity pick is that the main peak correlation index is not significantly higher than other peaks within the search chip grid. 155
For the remaining unmasked velocities, we examined the difference between the vv at the assessed pixel with the eight The Cryosphere Discuss., doi:10.5194/tc-2017 Discuss., doi:10.5194/tc- -75, 2017 Manuscript under review for journal The Cryosphere Discussion started: 4 May 2017 c Author(s) 2017. CC-BY 3.0 License.
surrounding speed values in the speed output grid (vv). These surrounding grid locations may or may not have a velocity value (given our noise filtering, above). If a grid location had no output velocity neighbors, it was masked (i.e. not included in the final composite). If only one of the eight neighbor locations populated, we masked the center pixel if the absolute difference between the two vv values was greater than 1 m/day. With two neighbors, we required that the center vv value be 160 within three standard deviations of the mean of its neighbors, or it was masked. Once the above masking operation was complete, the standard deviation of each 3x3 region was computed, and the center pixel of each region was masked if the corresponding standard deviation is greater than 1 m/day.
In compositing the masked velocity, we also sought to adjust false offsets of ice motion due to geolocation errors in the 165 image pairs. This is particularly problematic for closely-spaced pairs (16 and 32 day separations), which in fact were the bulk of the image pairings in our compilation. To correct the effects of imprecise geolocation, we computed three sets of x-y velocity offsets and a corresponding percent coverage associated with that velocity image and that correction algorithm.
Each set of offsets and coverages are computed using one of three mask images: a "rock" mask (vrmsk), a "near-zero ice velocity" mask (vzmsk) and a "low ice velocity" mask (vlmsk). The rock mask is derived from Antarctic Digital Database 170 Comparison of observed 'velocity' (consisting of true ice velocity and the effect of geolocation offset) with the values in the three mask data sets produces three sets of offset corrections: "rock" offset (vr), "near-zero velocity" offsets (vz) and "low velocity" offsets (vl) offsets. 175
We compared the mean speed derived from our PyCorr image pair mappings in the three mask regions (areas near rock, areas within near-zero velocity in Rignot et al., 2011a , and areas within low-velocity regions in Rignot et al., 2011a) . For the vr and vz offsets, we took the mean offset vector of our mapping, given the assumption of zero movement of the rock outcrops in the reference projection. For vl we determined the mean vx and vy magnitudes in the vlmask area within the 180 PyCorr image pair mapping and the derived ice motion mean vx and vy in the same area, and adjusted the measured vectors by the mean mean vx and vy difference.
Once the rock, near-zero-velocity, and low-velocity corrections were applied, the resulting 300 m/cell velocities for each Landsat scene were bilinearly resampled to the target grid spacing of either 750 m/cell or 125 m/cell. These grids were then 185 composited into the LISA v1.0 mosaic using a weighting scheme that favors the more accurate long-interval velocity determinations (16-day pairs, 0.3 weighting; 32-day pairs, 0.6; 48-day pairs, 0.9; >48-day pairs, 1.0). Additionally, a weighting factor was applied to each cell based on the mean corr and delcorr values, favoring the highest measurement quality velocity determinations. The velocity grids were then stacked and combined in a weighted average scheme. The number of image pairs in the LISA v1.0 grid ranges from ~10 to over 200 (Figure 1) . 190
Flux gates
Estimation of ice flux from measurements of surface velocity requires knowledge of the vertical density profile, flow crosssectional area (flux-gate), and an assumption of the relationship between surface and depth-averaged velocity. The most accurate estimates of ice thickness come from radio-echo sounding (RES) measurements, but RES data only exist for about 195 19% of the ice sheet grounding line. For the calculation of discharge, we choose to compromise proximity to the grounding line for inclusion of more upstream RES data and for avoiding glacier shear-zones with poorly constrained velocities. We do so by modifying the best-known grounding line to go inland of major shear zones and to follow nearby RES flightlines from which valid ice thickness data can be extracted. We prioritize the nearest and most recent RES data available from seven freely available data sets ( Figure 3 and Table 1 ). For flux gates with no RES data within 1 km distance, ice thickness values 200 are extracted by bilinear interpolation from the ice-thickness grid of Huss and Farinotti (2014) over the Antarctic Peninsula and Bedmap-2 (Fretwell et al., 2013b) Haran et al., 2014; Scambos et al., 2007) . Various other data sources were also employed (4%) and are described in more detail by Depoorter et al. (2013) . Since then, it has been updated by 210 more recent grounding line mappings in the Amundsen Sea region Rignot et al., 2011b) and for the Totten Glacier in East Antarctica Rignot et al., 2013) ; two highly dynamic regions with considerable ice fluxes and changes in grounding line position. Ice thickness was mainly extracted from the gridded products of Bedmap-2 (67%) and the Antarctic Peninsula (9%), but also a considerable amount of RES data that were within 1 km (applied threshold) of the grounding line (19%). For that, we also considered grid cells in Bedmap-2 that have been derived directly 215 from RES data (7%), as indicated in a data coverage mask. These thickness values have a much lower uncertainty (mean 68 m) than the interpolated thicknesses in areas not covered by RES (mean 168 m). Due to this high uncertainty in interpolated areas, we only used GL0 for definition of the grounding line and for comparative purposes.
FG1 is a modified version of GL0 that follows RES flightlines (Figure 3 ) or Bedmap-2 data cells that are in the vicinity of 220 the grounding line. Whether or not to divert from the grounding line in favor of RES profiles was determined ad hoc rather applying a strict distance threshold. Long, continuous RES profiles further apart were more likely to be followed than short, scattered RES data closer to the grounding line. In general, the modified parts of FG1 are within a few tens of kilometers from the GL0, and even less so in the Amundsen and Bellingshausen Sea coasts and the Filchner-Ronne ice shelf regions The Cryosphere Discuss., doi:10.5194/tc-2017 Discuss., doi:10.5194/tc- -75, 2017 Manuscript under review for journal The Cryosphere Discussion started: 4 May 2017 c Author(s) 2017. CC-BY 3.0 License.
where RES flightlines are often aligned with the grounding line. Almost all of these important regions are covered by RES 225 data in FG1, and for Antarctica as a whole the RES coverage is 42% (Table 1) . We found that FG1 was the most suitable flux gate line for estimating changes in ice discharge due to its close proximity to the grounding line and high coverage of RES data.
FG2 is a further modified version of FG1 that further prioritizes RES flightlines over proximity to the grounding line around 230 the entire continent. Only slight modifications were made in regions like the Amundsen and Bellingshausen Sea coasts, the Filchner-Ronne ice shelf and Dronning Maud Land for which many near-grounding line RES data exist, but for parts of East Antarctica and along the Transantarctic Mountains, the modification can be several hundred kilometers ( Figure 3 ). The total coverage of RES data along FG2 is 96% (Table 1) . We used this flux gate line to estimate absolute discharge for the ice sheet, but not for assessing temporal changes in discharge, because they are often most pronounced near the grounding line 235 that is better sampled by FG1.
The average point spacing along the three flux gate lines is 198-265 m, with a maximum spacing of 400 m to ensure sufficiently dense sampling of ice thickness and surface velocity for ice flux calculations (see Appendix A for a detailed discussion of resolution dependent errors in flux calculations). This makes a total of between 132,300 and 177,600 flux 240 nodes for each of the three flux gate lines and a total length of between 26,200 km (FG2) and 45,500 km (GL0) around the continent. Flux gate points without RES data and within the rock mask of the SCAR Antarctic Digital Database (<4%, Thomson and Cooper, 1993, Figure 2) were assigned a zero ice thickness. Since the thickness data were provided as physical ice thicknesses, we subtracted modelled average Firn Air Content (FAC -see Section 2.5) to obtain ice equivalent thicknesses, assuming ice has a density of 917 kg m -3 , relevant for ice flux calculations. 245
For further analyses, we also extracted point attributes for source data and year, surface elevation, firn air content and all available thickness data. Histograms of ice thickness, uncertainties in ice thickness, date of thickness measurement, Firn Air Content, uncertainty in Firn Air Content, surface velocity, ice thickness change rate, and uncertainty ice thickness change rate for all three flux gates are shown in Figure 4 . Flux gates and extracted ancillary data are provided as SI. 250
Ice Discharge
We calculate ice flux ( ) by multiplying the component of the measured surface velocity that is normal to the flux gate cross section ( ) by the width ( ) and ice-equivalent thickness ( ) at each flux node ( ) and summing:
The Cryosphere Discuss., doi:10.5194/tc-2017 Discuss., doi:10.5194/tc- -75, 2017 Manuscript under review for journal The Cryosphere convergence/divergence between the flux gate and the grounding line, which we refer to as the dynamic volume change. This is accounted for by assuming that firn corrected CryoSat-2 elevation change rates (Section 2.6) measured over ice moving at >200 m yr -1 that lies between the flux-gate and the grounding line can be attributed to dynamic volume change.
Rates of volume change in 2008 and 2015 were extrapolated using the measured acceleration in the rate of elevation change over the period of CryoSat-2 data (2011) (2012) (2013) (2014) (2015) . Measured dynamic volume loss is considered to increase total discharge and 265 visa versa. Uncertainty in the dynamic volume change is taken to be 0.1 m yr -1 times the area between the grounding line and the flux gate having a surface velocity >200 m yr -1 or 30% of the magnitude of the estimated dynamic volume change, whichever is larger.
Calculation of discharge is highly sensitive to the definition of the flux gate and to any vertical gradient in the ice flow. 270
When calculating ice flux, we assume that there are no vertical gradients in ice velocity. This assumption introduces a small positive bias (< 0.4%) but is negligible relative to other sources of error. See Appendix A the calculation of the expected vertical gradient in ice velocity. One known issue is the systematic underestimation of ice flux with the coarsening of the resolution of the basal topography and/or the surface velocity ( Figure 5 ). This happens because fast-moving ice is concentrated in basal troughs: higher velocities multiplied by larger ice thickness, and lower velocities multiplied by smaller 275 ice thickness, do not equate to average thickness multiplied by average velocity. Therefore, we based our total flux estimates on the FG2 flux gate that follows high-resolution RES profiles around almost the entire continent at the expense of proximity to the grounding line.
For areas south of the Landsat observation limit, we first calculate the total flux across gates located >82.4°S using the 1997 280 and 2009 SAR velocity mappings of Scheuchl et al. (2012) . To determine a representative 2015 flux rate we extrapolate the 2009 estimate assuming the same rate of change in discharge as observed for the 1997-2009 period.
Changes in flux ( ) were calculated at all flux gate nodes ( ) where both velocity mappings were valid and assumed to be unchanged elsewhere. In our analysis of velocities we found that there were some geocoding issues between the SAR 285 (Rignot et al. 2011) and Landsat velocities, that are most likely due to errors in the elevation model used to convert from radar slant range coordinates to a location on the Earth surface. We also found the SAR velocities unreliable for most of the northwest Antarctic Peninsula, where velocities near the grounding lines of narrow outlet glaciers were unrealistically low and likely the results of interpolation to areas of missing data. To minimize the impact of these artifacts in our flux change The Cryosphere Discuss., doi:10.5194/tc-2017 Discuss., doi:10.5194/tc- -75, 2017 Manuscript under review for journal The Cryosphere Discussion started: 4 May 2017 c Author(s) 2017. CC-BY 3.0 License.
analyses, we prescribed areas of zero change in flux along shear margins where changes are expected to be small, and for 290 much of the northwest Antarctic Peninsula (Figure 2 ). We refer to Appendix A for a comprehensive discussion of the uncertainty quantification.
Surface Mass Budget (SMB)
Here we estimate SMB for the 2008-2015 period from Regional Atmospheric Climate Model version 2.3 (RACMO2.3) output at a horizontal resolution of 5.5 km for the Antarctic Peninsula (van Wessem et al., 2016) and 27 km elsewhere 295 (van Wessem et al., 2014) . In RACMO2.3, SMB is calculated as the total precipitation (from snow and rain) minus total sublimation (directly from the surface and from drifting snow), wind-driven snow erosion, and meltwater runoff. For the six Antarctic Peninsula basins (B1, B23-27), entirely or partially covered by the high-resolution model, we use the 27 km model output for the missing years of 2014 and 2015. For these basins, the 27 km model output was scaled to better agree with the 5.5 km output using the delta scaling approach. Uncertainty in SMB is taken to be 20% and is treated as uncorrelated 300 between basins. The reader is referred to the works of van Wessem and others (2014 and 2016) for a thorough discussion of the model setup, model validation and SMB uncertainties.
Firn Air Content (FAC)
To convert volume fluxes to mass fluxes, the depth-averaged ice-sheet density is needed. FAC is a measure of the residual 305 column that would remain if the firn column was compressed to the density of glacier ice, assumed to be 917 kg m -3 . We estimate FAC using the firn densification model IMAU-FDM (Ligtenberg et al., 2011; Ligtenberg et al., 2014) . IMAU-FDM simulates firn densification by dry compaction and through meltwater processes (percolation, retention and refreezing) and is forced at the surface by three-hourly resolution output of RACMO2.3 (van Wessem et al., 2016; van Wessem et al., 2014) :
surface temperature, 10-m wind speed, precipitation (solid and liquid), sublimation, wind-driven snow erosion/deposition, 310 and surface melt. The simulation over the entire Antarctic continent (at 27 km grid resolution) covers 1979-2015, while the Antarctic Peninsula simulation (at 5.5 km grid resolution) only covers 1979-2013. Both simulations output FAC at 2-day temporal resolution. The IMAU-FDM is calibrated using 48 depth-density observations from across Antarctica (Ligtenberg et al., 2011) , and results have been successfully used to convert satellite altimetry (e.g. Gardner et al., 2013; Scambos et al., 2014; Shepherd et al., 2012) and ice thickness measurements (e.g. Depoorter et al., 2013; Fretwell et al., 2013b) into 315 estimates of ice mass change and ice equivalent thickness. Although time-evolving FAC is simulated throughout 1979-2015, we use the climatological average FAC as the most robust correction of our flux-gate thicknesses that are based on source data from many different times, sometimes unknown.
Uncertainties in the simulated FAC originate from either the observations used in the IMAU-FDM calibration process, or the 320 RACMO2.3 forcing data. This has been quantified at 10% (SI of Depoorter et al., 2013) , composed of measurements errors in the observations of the pinning points in a depth-density profile: surface density, depth of 550 kg m -3 -level, and depth of 830 kg m -3 -level. The RACMO2.3 uncertainty is primarily caused by the assumption used for model initialization; to initialize the IMAU-FDM, it is assumed that the climate over the past 100-1000 years was equal to the 1979-2013/15 average climate (Ligtenberg et al., 2011) . Therefore, errors in the climatic forcing during the initialization period have a 325 direct effect on the simulated firn density profile and subsequent FAC. Using sensitivity simulations, it was found that a 1% perturbation in accumulation during the initialization period causes a 0.75% error in FAC. Similarly, a 1% perturbation in the melt/accumulation ratio results in a 0.27 m error in FAC. The melt/accumulation ratio was used instead of the total melt, as the amount of annual snow that melts away in summer (i.e., the ratio between annual melt and annual accumulation) mainly determines how much firn pore space remains rather than the total amount of melt. 330
Along the ice-sheet grounding-line the mean and standard deviation of FAC are 16.3 ± 6.1 m with associated uncertainties of 3.7 ± 1.0 m. The combined uncertainties of the firn observations and the RACMO2.3 forcing of accumulation and surface melt showed the highest uncertainties on the western side of the Antarctic Peninsula, where high accumulation is combined with high melt. In areas where the modelled FAC uncertainty was higher than the actual FAC, the uncertainty was re-set to 335 the same value as the FAC.
Surface elevation and elevation change
To account for thickness changes between the times of discharge calculation (2008 and 2015) and to correct for dynamic volume change between the flux gate and the grounding line, we use surface elevation rates estimated from CryoSat-2 radar 340 altimetry between January 2011 and January 2015 (Figure 6 ). CryoSat-2 elevations were derived from the ESA L1c product using the methodology by Nilsson et al. (2016) for the time period of January 2011 to January 2015 over the Antarctic Ice Sheet. For each CryoSat-2 observation mode (LARM and SARIn), the derived surface elevations were separated into grounded and floating ice using the grounded and floating ice definitions from Depoorter et al. (2013) gridded to a 240 m in stereographic (EPSG: 3031) projection. Geophysical range corrections were applied to all data according to Bouzinac 345 (2015) . For floating ice, the tidal corrections (ocean tide and ocean loading) were replaced with values generated from the CATS2008 tidal model (Padman et al., 2008) .
Surface elevation changes and rates of acceleration were generated using the surface fit method, described in Nilsson et al. (2016) , onto a 1 km polar-stereographic grid (EPSG: 3031) for each mode. The derived elevation change distribution was 350 edited to remove solutions with a magnitude larger than ±15 m yr -1 , similar to the approach taken by Wouters et al. (2015) .
The edited data was then interpolated onto a 1 km grid using the weighted average of the 16 closest grid points, weighted by their standard error from the least squares solution and distance. The standard error of the rate of change is assumed to be indicative of the formal error of each measurement. No correction for potential trends in FAC and glacial isostatic adjustment are applied, which may cause surface elevation rates to deviate from ice-equivalent thickness rates. 355
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Mass Budget
To assess the net ice sheet mass budget during the 2008-2015 period, we combine our new estimates of discharge (Section 2.3) with estimates of surface mass budget (Section 2.4) and basal melt rates (Pattyn, 2010; Van Liefferinge and Pattyn, 2013) . Discharge and surface mass budget for the northern Antarctic Peninsula (B25-26) are highly uncertain and only 360 included for reference in Table 2 . The complex basal topography, narrow glacial valleys, and highly crevassed ice, make interpretation of the bed reflection in radar data difficult in this region. Estimating the surface mass budget is equally challenging with large inter-annual variability and steep spatial gradients in both precipitation and melt due to extreme surface topography over a large latitudinal range. For B25-26, we therefore rely on net mass budgets determined from glacier elevation changes within the 2003-2011 period that we update with estimated discharge changes for 2008-2015 365 Berthier et al., 2012; Shuman et al., 2011) . A full discussion of the updated Antarctic Peninsula mass budget estimate is provided in Appendix B.
Results

Changes in surface velocity and ice discharge
By combining uncertainties of ice velocity and its relation to depth-averaged velocity, ice thickness, dynamic volume change 370 and SMB for each flux-gate configuration, we estimate a total discharge uncertainty of 5.6% for GL0, 4.4% for FG1, and 2.0% for FG2. The lower uncertainty for FG2 is due to the extensive use of RES data for ice thickness along the flux gate (Figure 4) . Hence, we use FG2 in combination with the Landsat velocity field to estimate total discharge. Obtaining continent-wide discharge for ~2008 using the SAR-based velocity field (Rignot et al., 2011a) at the FG2 flux gate is not possible due to data gaps inland of the grounding line. Instead, we estimate discharge change between the 2008 and Landsat 375 mappings at FG1, and then subtract that from the Landsat estimate of discharge to obtain a total estimate for 2008. This approach reduces the impact of ice thickness errors at FG1 since they get scaled by velocity differences rather than by velocity magnitudes that are typically much larger. Thickness changes at FG1 and changes in the rate of dynamic volume 
Amundsen Sea
For the B21 and B22 catchments, containing Pine Island, Thwaites, Haynes, Pope, Smith, and Kohler glaciers (Figure 7 ), we find a 6% increase in ice discharge or 17 ± 4 Gt yr -1 (Table 2) inland. This pattern of change is suggestive of an earlier period of dynamic drawdown that is slowly propagating inland contrasted by more recent deceleration near the grounding line. Glaciers feeding the Getz and Sulzberger ice shelves (B20; including Berry, Hull, and Land Glaciers) increased in speed by 10 to 100 m yr -1 at their grounding lines, increasing discharge by 6% (Table 2) .
Bellingshausen Coast 400
Localized accelerations of 50-200 m yr -1 are observed near grounding lines for several of the major glaciers along the Bellingshausen Coast (B23 and B24) including the Ferrigno, Fox, and Alison ice streams and glaciers feeding into the southern George VI Ice Shelf. Despite some areas of flow acceleration, increases in discharge are highly localized. For many glaciers, the flux gate cross-section is decreasing from regional thinning, resulting in negligible changes in discharge. This result is unexpected, but with high certainty, as this region has experienced high rates of ice shelf thinning (Paolo et al., 405 2015) and grounding line retreat (Christie et al., 2016) , both of which were inferred to have resulted in accelerated dynamic thinning that contributed to a 56 ± 8 Gt yr -1 increase in the rate of mass loss that began around 2009 and persisted until at least April 2014 (Wouters et al., 2015) . From our analysis we conclude that any changes in discharge contributing to observed rates of thinning must have occurred prior to the SAR mapping of ice velocities.
Northern Antarctic Peninsula 410
Along the west coast of the North Antarctic Peninsula (B25) glaciers feeding into Marguerite Bay (Seller and Prospect) sped up by 400-800 m yr -1 at their grounding lines, the largest speedup of all Antarctic glaciers, with an increase of >100 m yr Khazendar et al. (2015) . Overall, this region shows a modest increase in ice discharge of 5 ± 6 Gt yr -1 , most of which comes from the glaciers flowing into Marguerite Bay. Small 420 changes in rates of discharge between periods are in good agreement with constant rates of RACMO-derived surface mass budget and mass changes derived from GRACE data (Appendix B). (Table 2) .
Ice Streams feeding large ice shelves
East Antarctic glaciers
Ice discharge has remained remarkably stable for the East Antarctic glaciers, particularly along the coasts of Dronning Maud 435
Land and Enderby Land. These basins (B5-B8) showed very little change in ice discharge. The region to the west of Law Dome, including Underwood and Bond glaciers, shows evidence of some increased flow speed and ice discharge. However, the much larger Totten Glacier and the tributaries of the Moscow University Ice Shelf (B13) that drain a large fraction of the East Antarctic Ice Sheet show localized areas of ice speed variations but little change in discharge (Figure 1 ). This result is consistent with recent findings of Li et al. (2016) showing that the Totten Glacier increase in velocity between 2001 and 440 2007, likely in response to elevated ocean temperature, but has been relatively stable since.
Antarctic Discharge
In total we estimate that between the SAR and Landsat velocity mappings, the Antarctic Ice Sheet increased its solid ice discharge to the ocean from 1897 ± 41 yr -1 to 1932 ± 38 yr -1 . This represents a 35 ± 15 Gt yr -1 increase in total discharge between 2008 and 2015. 79% of the increases in discharge concentrated to glaciers flowing into the Amundsen Sea and 445 another 11% coming from glaciers flowing into Marguerite Bay. Breaking it down to the main ice-sheet regions, the discharge of the West Antarctic Ice Sheet (B1, B18-23) increased by 29 ± 8 Gt yr -1 and the Antarctic Peninsula (B24-27) by 
Changes in net mass balance
For the West Antarctic Ice Sheet, the 2008-2015 net mass budgets were negative for all but two basins (B1 & B18) (Figure   8 ), summing to a total imbalance of -213 ± 51 Gt yr -1 with largest rates of loss collocated with increased glacier velocities along the Amundsen Sea Embayment (B21 and B22) and Getz Ice Shelf (B20). The East Antarctic Ice Sheet is found to have increased slightly in mass at a rate of 58 ± 73 Gt yr -1 with largest gains in Dronning Maud (B6) and Enderby Land (B7 and 455 B8) that can be partially attributed to increase in precipitation rate (+28 Gt yr -1 relative to 1979-2007 mean) during the study period, which is consistent with earlier findings (Boening et al., 2012; King et al., 2012; Shepherd et al., 2012) . Ice Sheet and large losses for the West Antarctic Ice Sheet and the Antarctic Peninsula, all of which agree well with the results presented here when considering uncertainties and differences in study periods.
Discussion 465
Areas of accelerated surface velocity (Figure 7 ) and increased ice discharge are in good agreement with basin-scale assessment of changes in ice flow and ice discharge (Li et al., 2016; Mouginot et al., 2014) and with patterns of ice sheet thinning determined from laser and radar altimetry (Flament and Rémy, 2012; Helm et al., 2014; Pritchard et al., 2009 ).
These show broad regions of surface lowering for glaciers feeding into the Amundsen Sea Embayment and Getz Ice Shelf, and rapid drawdown of smaller glacier systems in the Antarctic Peninsula. Glaciers and ice streams feeding major ice 470 shelves were remarkably stable with small heterogeneous changes in velocity. Apparent upstream slowing of Bindschadler and MacAyeal Ice Streams are at the limit of detectability and difficult to interpret. Recent assessments show varying changes in ice stream velocities for this region (Hulbe et al., 2016; Scheuchl et al., 2012) , suggesting that measured trends may be influenced by rapid changes in the sub-ice-stream hydrology (Hulbe et al., 2016) .
475
Strongly negative net mass budgets are apparent for the West Antarctic Ice Sheet and are largely due to mean rates of ice discharge greatly exceeding rates of snow accumulation. The basin-averaged results (Figure 9 ) match remarkably well with patterns of pan-Antarctic multi-decadal (1994-2012) changes in ice shelf thickness (Paolo et al., 2015) : Mass gains in The Cryosphere Discuss., doi:10.5194/tc-2017 Discuss., doi:10.5194/tc- -75, 2017 Manuscript under review for journal The Cryosphere Discussion started: 4 May 2017 c Author(s) 2017. CC-BY 3.0 License.
Dronning Maud and Enderby Land are collocated with ice shelf thickening; high rates of mass loss from glaciers feeding into the Amundsen Sea are collocated with high rates of ice shelf thinning; and near balance conditions for Wilkes Land 480 glaciers and basins feeding the Filchner-Ronne, Ross and Amery Ice Shelves are collocated with ice shelves that have experienced little change in ice thickness over the past two decades. This result further supports the strong link between oceanic melting of ice shelves and ice sheet mass budget (Pritchard et al., 2012) .
The link between basin mass budget and change in discharge is less obvious. This is primarily due to differences in 485 representative periods as mass budgets represent the cumulative imbalance away from equilibrium state while changes in discharge are only representative of change in discharge between two periods in time, e.g. a glacier can decelerate but still be discharging ice at a rate that exceeds the surface mass budget minus basal melt. Increased ice discharge from the Amundsen Sea Embayment and subsequent partial re-stabilization have been attributed to changes in ice shelf buttressing (Jacobs et al., 1996; Macgregor et al., 2012) that resulted from increased ice shelf basal melt rates (Jacobs et al., 2011; Jenkins et al., 490 1997 ) and more recently to a decrease in ocean melting resulting from changes in the temperature of intermediate depth waters (Dutrieux et al., 2014) . Increased discharge from glaciers feeding into the Getz Ice Shelf is likely in response to rapid thinning of the ice shelf due to changes in ocean circulation and the depth of warmer modified Circumpolar Deep Water .
Conclusion 495
Applying novel feature tracking methods to hundreds of thousands of Landsat image pairs we are now able construct a detailed and comprehensive record of recent changes in Antarctic-wide ice flow. When combined with optimized flux gate definitions and an earlier mapping of surface velocity (Rignot et al., 2011a) , such measurements allow for accurate reconstructions of ice discharge and changes in ice discharge through time. Applying these new capabilities, we determine that the Antarctic Ice Sheet discharged 1897 ± 41 yr -1 of solid ice into the ocean in 2008 increasing to 1932 ± 38 yr -1 in 2015 500
with 79% of the increases in discharge concentrated to glaciers flowing into the Amundsen Sea and another 11% coming from glaciers flowing into Marguerite Bay. Glaciers and ice streams feeding major ice shelves were remarkably stable with small heterogeneous changes in velocity. Strongly negative net mass budgets are apparent for the West Antarctic Ice Sheet and are largely due to mean rates of ice discharge greatly exceeding rates of snow accumulation. The East Antarctic Ice Sheet experienced near-balance conditions with modest gains in Dronning Maud and Enderby Land driven by increased 505 rates of precipitation.
Over the last decade, it is evident that larger scale changes in discharge are relatively modest (<7% for all basins) compared to the fractional imbalance between discharge and surface mass budget (up to several tens of percent). This suggests that that the recent pattern of mass loss in Antarctica, dominated by the Amundsen Sea sector, is likely a part of a longer-term phase 510
of enhanced glacier flow initiated in the 1990s as indicated by satellite records (Konrad et al., 2017; Mouginot et al., 2014) or as early as the 1940s as proposed from sub-ice-shelf sediment records (Smith et al., 2017) . Going forward, the ability to frequently measure ice flow at continental scales will give new insights into the dynamic variability and interconnection of these fast-flowing glaciers, as well as the apparent stability of the East Antarctic ice sheet.
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Tables: 775
where ! is due to uncertainties in ice-equivalent thickness, !" is due to uncertainties in the change of ice-equivalent thickness between the measurement times of ice thickness and surface velocity, ! is due to uncertainties in measured velocity, an ! is due to the assumption that the depth averaged velocity ( ) is equal to the surface velocity. !" !"# /!" 800 and !"# are uncertainties introduced by dynamic volume change and surface mass balance corrections applied between the flux gate the true grounding line. !" !"# /!" was taken to be 0.1 m yr -1 for surfaces moving faster than 200 m yr -1 .
!"# was taken to be 20% of the SMB. Uncertainties in flux resulting from uncertainties in ice thickness, changes in ice thickness and surface velocity were propagated assuming a conservative correlation length along the flux gate as follows:
Where is the number of point estimates of flux (x) for each correlation length distance along the flux gate and is the number of discrete uncorrelated lengths for each basin for measurements of ice thickness ( ), changes in ice thickness ( ) and the surface velocity normal to the flux gate ( ). Uncertainties in ice thickness ( ! ) are taken as the RSS of the thickness estimate and the FAC. Uncertainties in changes in ice thickness ( 
830
When calculating ice flux we assumed that the surface velocity was equal to the depth-averaged velocity. This approach neglects vertical gradients in ice velocity that result from the stress-dependent plastic deformation (creep) of ice. Since surface velocities are always larger than the depth averaged velocity this introduced a positive bias into our estimates of ice flux. Neglecting sliding and assuming a depth constant creep parameter ( ) the depth-averaged velocity is 80% of the 835 surface velocity (Cuffey and Paterson, 2010) . Assuming parallel flow and a linear increase in shear stress with depth, the surface velocity due to creep ( ) can be calculated as follows:
where is the creep exponent, is the ice thickness, and ! is the driving stress at the bed. is typically assumed to be 3 840 and so is done here. ! is calculated using the surface slope and ice depth (Cuffey and Paterson, 2010) . The creep parameter ( Figure A3a ) is taken from Ice Sheet System Model (ISSM) output generated as part of the Sea-level Response to Ice Sheet Evolution (SeaRISE) experiments (Bindschadler et al., 2013) . We calculated surface slope from a CryoSat-2 DEM that was smoothed at a scale of several times the ice thickness (20 km). Ice thickness was taken from Bedmap-2 (Fretwell et al., 2013b) . varied between 0 m yr -1 at the ice divides to 10 m yr -1 in steeply sloped outlet glaciers near the coast (Figure  845 A3b). We considered 20% of ! to be the upper bound of the bias introduced into our flux estimates due to vertical gradients in the velocity field ( ! ), calculated as:
where is the number nodes along the basin flux gate. This is an upper bound scenario, as increases rapidly with 850 temperature, and ice sheet temperature is typically at a maximum near the bed. This results in a higher concentration of shear deformation near the base of the ice sheet than inferred from a depth-constant .
Uncertainties in flux estimates were assumed to be uncorrelated between basins. The Cryosphere Discuss., doi:10.5194/tc-2017 Discuss., doi:10.5194/tc- -75, 2017 Manuscript under review for journal The Cryosphere Discussion started: 4 May 2017 c Author(s) 2017. CC-BY 3.0 License.
1.2A Change in Ice Discharge
Uncertainty in flux-change estimates ( ) are calculated as:
where ! is the thickness-related uncertainty and is calculated as:
where is the change in flux and is the total flux. !" is calculated in the same way as !" but setting to the time 865 separation between repeat measurements of velocity.
! is the flux-change uncertainty from the measured velocity and is determined as:
where ! is the uncertainty in flux introduced from uncertainties in surface velocity for two measurement epochs (1 & 2). 870 !"_!"#" is the flux-change uncertainty introduced by the assumption of zero change in flux for areas lacking reliable repeat measurements ( !"_!"#" ) and for areas between the flux gate and the grounding line ( !"# ) and is calculated as: The Cryosphere Discuss., doi:10.5194/tc-2017 Discuss., doi:10.5194/tc- -75, 2017 Manuscript under review for journal The Cryosphere Discussion started: 4 May 2017 c Author(s) 2017. CC-BY 3.0 License.
